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The biosynthesis of all steroid hormones begins with the cleavage of the side chain of cholesterol to form pregnenolone. This reaction is catalyzed by the P450scc component of the cholesterol side chain cleavage enzyme system (CSCC) located on the matrix side of the inner mitochondrial membrane (1) . Although this constitutes the rate-limiting enzymatic step in steroidogenesis, the true rate-limiting step is the delivery of cholesterol to the inner mitochondrial membrane and the P450scc enzyme (2) . Because the aqueous diffision of cholesterol is extremely slow, cholesterol cannot readily diffuse to the inner mitochondrial membrane at rates capable of sustaining physiologically relevant levels of steroid production (3) . To illustrate this point, maximal steroid production can be achieved in the absence of stimulation by providing steroidogenic cells with water-soluble cholesterol analogs, which can freely diffuse to the inner mitochondrial membrane (4) . Thus there are mechanisms that mobilize cholesterol from cellular stores to the mitochondria and which transfer cholesterol from the outer to the inner mitochondrial membrane.
Although the delivery of cholesterol from cellular stores to the mitochondria is essential to maintain maximal rates of steroid production, the intramitochondrial transfer of cholesterol is the key hormonally regulated step. Using protein synthesis inhibitors such as cycloheximide and puromycin, investigators have shown that hormone regulated steroid production requires rapid de novo protein synthesis (5) . Furthermore, cycloheximide treatment, while permitting cholesterol accumulation in the outer mitochondrial membrane of steroidogenic cells, almost completely blocks cholesterol movement to the inner mitochondrial membrane (6) . Thus, a hormone-stimulated, rapidly synthesized, cycloheximide-sensitive protein is required to mediate the rate-limiting step in steroidogenesis, the intramitochondrial transfer of cholesterol.
Numerous studies have been performed to identify and characterize this acute regulatory factor. Although several proteins have been proposed as the acute regulator
[reviewed by Stocco and Clark (7? ], one of these candidate proteins was first described and characterized by Orme-Johnson et al. (8) as a mitochondrial phosphoprotein that is rapidly synthesized in response to hormone stimulation in rat adrenal cells. Our laboratory has described a similar protein in mouse MA-10 Leydig tumor cells and has since purified, cloned, sequenced, and expressed this protein and named it the steroidogenic acute regulatory (StAR) protein. The StAR protein fulfills all of the criteria of the putative acute regulatory factor (7, 9, 10) . Perhaps the most compelling argument for the role of StAR in steroidogenesis comes from the finding that, in humans, mutations in the StAR gene cause the disease lipoid congenital adrenal hyperplasia (lipoid CAH), a condition in which cholesterol and cholesterol esters accumulate and the newborn is unable to synthesize adequate levels of steroid hormones. Furthermore, StAR knockout mice have been generated, and their phenotype mirrors that of human lipoid CAH (11) . These observations indicate that StAR plays an indispensable role in the transfer of cholesterol to the P450scc. Because StAR protein mediates the rate-limiting step in steroidogenesis, we hypothesized that, when compared to the steroidogenic enzymes, StAR protein may be particularly susceptible to modulation by environmental pollutants for a number of reasons. First, unlike the steroidogenic enzymes that are chronically regulated and have long half-lives (12) , StAR protein is not an enzyme, is acutely regulated, and its active precursor form is highly labile. Second, StAR protein expression is critically dependent on trophic hormone stimulation, making it susceptible to xenobiotics that disrupt components of the trophic hormone signaling pathway. In contrast, with the exception of cytochrome P450 1 7a-hydroxylase/ 17,20-lyase (P450c17), the steroidogenic enzymes retain near-normal steroidogenic enzyme capacity even in the absence of trophic hormone stimulation (12) . Third, StAR mediates the rate-limiting step in steroidogenesis, rendering steroidogenesis extremely sensitive to disruptions in its expression. Conversely, with the exception of P450scc, which can be limiting, the steroidogenic enzymes are present in excess amounts (13) . Fourth, because StAR functions upstream of steroidogenic enzyme activity, the effects of the xenobiotic on steroidogenic enzyme activity may be of little importance if the xenobiotic also blocks StAR protein expression. Finally, we recently showed that two pesticides, the organochlorine insecticide lindane (Sigma, St. Louis, MO), and the organophosphate insecticide Dimethoate (BASF Corp., Agricultural Products Group, Research Triangle Park, NC), both of which lower serum testosterone levels in animals, block steroid hormone biosynthesis in Leydig cells by reducing StAR protein expression (14, 15) . These findings raise the possibility that other pesticides may also inhibit steroidogenesis by targeting StAR expression.
Several currently used pesticides disrupt steroid hormone levels and/or reproductive system function in animals (16) (17) (18) (19) . One billion pounds of active ingredients and several times this amount of inert ingredients are used annually in the United States alone; therefore, the possibility that these compounds can affect the reproductive health of humans and wildlife in their natural habitats is of great concern (20 Pesticide formulations selected for study included: 4 hr, and progesterone in the media was measured by RIA. We isolated mitochondria by homogenization of the cells followed by differential centrifugation (21) . Western blot analysis of mitochondrial protein was performed as previously described (25) . After Isolation of RNA and Northern blot analysis. Cells were treated as described for Western blot analysis. The media were retained and progesterone was measured by RIA. We isolated total RNA using Trizol reagent (Gibco BRL, Grand Island, NY) according to the manufacturer's protocol. RNA was quantitated and resuspended in RNA sample buffer (0.1 x borate buffer, 48% formamide, 6 .4% formaldehye, 5.3% glycerol, and 0.27% bromophenol blue). We performed Northern blot analysis as previously described (27) . We loaded 20 To determine if Roundup specifically disrupted 3i-HSD, P450scc, or both steroidogenic enzyme activities, both pregnenolone-driven progesterone production (a measure of 33-HSD activity) and 22R-HCdriven pregnenolone production (a measure of P450scc activity) were measured after herbicide treatment for 2 hr (Figure 3) To determine if the decrease in P450scc enzyme activity might have been due to a reduction in the levels of this enzyme, and to confirm that 3p-HSD enzyme levels were not affected, we determined the effects of Roundup on the expression of these enzymes. Although this herbicide significantly (p < 0.001) blocked steroidogenesis by 94% (Figure 4) , Western blot analysis of mitochondrial protein revealed that it did not alter P450scc or 3p-HSD enzyme protein levels ( Figures 5 and 6) . Moreover, Northern blot analysis also revealed that it did not affect P450scc mRNA levels ( Figure 5 ). Interestingly, Roundup significantly (p < 0.05) reduced 3p-HSD mRNA levels by 33% ( Figure 6 ). Because a reduction in P450scc activity alone cannot account for the observed level of steroidogenic inhibition, the data suggest that this herbicide also blocked steroidogenesis before the P450scc enzyme, potentially by reducing cholesterol availability.
StAR protein and mRNA levels. Because StAR protein mediates the transfer of cholesterol to the inner mitochondrial membrane, we determined the effects of Roundup on the expression of this protein. Western blot analysis revealed that Roundup significantly (p < 0.01) reduced StAR protein levels by 90% (Figure 7 ). Because StAR levels were reduced in proportion to steroid levels, and StAR functions upstream of the steroidogenic enzymes, a reduction in StAR protein levels alone could account for the observed level of steroidogenic inhibition.
To determine if Roundup reduced StAR protein levels by decreasing StAR mRNA levels, we performed Northern blot analysis (Figure 7) . StAR mRNA consists of the 1.6, 2.7, and 3.4 kb transcripts, which make up 18, 10, and 72%, respectively, of total StAR mRNA. Northern blot analysis revealed that Roundup did not alter StAR mRNA levels, indicating that Roundup disrupted StAR protein expression post-transcriptionally.
Although the importance of the three StAR transcripts is unknown at this time, Roundup preferentially increased levels of the 1.6 and 2.7 StAR transcripts (Figure 7) . In fact, this herbicide significantly (p < 0.05) increased levels of the 1.6 and 2.7 kb transcripts by 2-and 2.3-fold, respectively.
Roundup may have increased StAR transcript levels by increasing the rate of StAR gene transcription, altering the post-transcriptional expression of StAR (e.g., increasing StAR transcript stability), or by causing a combination of the two processes. As Figure  8 shows, Bu2cAMP increased the rate of StAR gene transcription 5-fold. However, when cells were stimulated with Bu2cAMP in the presence of Roundup, StAR transcription increased 8-fold, indicating that Roundup may have increased StAR transcript levels by increasing their synthesis.
PKA activity. A reduction in PKA activity might partly explain the observed reduction in StAR expression and steroidogenesis. To determine if Roundup disrupts PKA activity, cells were treated for 4 hr. Roundup did not affect the ability of PKA present in cell lysates to phosphorylate the PKA-specific substrate (data not shown), demonstrating that Roundup inhibited StAR protein expression distal to PKA activation.
Effects of a mixture ofpesticides on steroidogenesis. We previously showed that Dimethoate and cx-, 6-, and y-HCH (lindane) inhibit steroidogenesis primarily by disrupting StAR protein expression (14, 15) . However, unlike Roundup, these compounds reduced StAR expression primarily by reducing StAR mRNA levels. As shown in Figure 9 , when tested individually at concentrations that were not maximally inhibitory, each pesticide inhibited steroidogenesis by 25%. However, when pesticides were tested together in a mixture at the same concentrations, they inhibited steroidogenesis by only 50%, indicating that components in the mixture may have interacted antagonistically.
Discussion
We previously showed that lindane and Dimethoate inhibited steroidogenesis by disrupting StAR protein expression (14, 15) . Although these pesticides likely impacted different cellular pathways that regulate the expression of StAR, they impinged on the steroidogenic pathway at the level of StAR protein. Therefore, we hypothesized that a disruption in StAR expression might also account for the reduction in steroidogenesis following treatment with other currently used pesticides. In support of this hypothesis, the present study showed that Roundup decreased steroidogenesis by disrupting StAR expression post-transcriptionally. Although StAR has largely been overlooked as a target for environmental pollutants in the past, the one compound could have altered the metabolism of another compound to generate a less toxic metabolite. As a result of the important role that StAR plays in the steroidogenic pathway, it may prove to be a useful biomarker to evaluate endocrine system function in sentinel wildlife species. In fact, a disruption in StAR expression may represent the first event in the sequence of time-related changes that underlie pesticide-induced toxicity and lead to disturbances at the cellular and wholeorganism level. Environmental pollutants have purportedly caused a wide range of adverse effects including decreased fertility in shellfish, fish, birds, and mammals and decreased hatching success in fish, birds, and reptiles (34) . In many of these cases, abnormal steroid hormone levels have been measured, indicating the possibility that these toxicants may block steroid hormone synthesis. Although StAR has not yet been identified in submammalian species, several reports indicate the probability that a StARlike protein may exist in these species. For example, hormone-stimulated steroidogenesis in fish and insects requires the de novo synthesis of a hormone-regulated, rapidly synthesized, cycloheximide-sensitive, and highly labile protein that may mediate cholesterol transfer for steroid hormone biosynthesis (35, 36) . A disruption in this StAR-like protein might contribute to the development of reproductive dysfunction in these species.
If this putative StAR-like protein is identified and characterized, it may enhance our understanding of the mechanism of pollutant-induced steroidogenic inhibition in these species. Not only does StAR play an important role in steroid production in the gonads, but it is also indispensable for steroidogenesis in the adrenal glands. As a result, a disruption in StAR protein expression may impair more than just fertility. The adrenal glands synthesize glucocorticoids and mineralocorticoids, and a reduction in StAR expression in the adrenal gland may affect carbohydrate metabolism, immune system function, and water balance. Because many toxicants that reduce StAR expression and steroidogenesis in the ovary and testis also reduce StAR expression and steroidogenesis in the adrenal gland, a disruption in StAR protein expression may underlie many of the toxic effects of environmental pollutants (29) .
In conclusion, Roundup disrupted steroidogenesis in Leydig cells through a post-transcriptional reduction in StAR protein expression. The use of StAR as an end point in studies concerning endocrine disruption merits further consideration.
